The negatively-charged nitrogen-vacancy (NV − ) center in diamond is at the frontier of quantum nano-metrology and bio-sensing. Recent attention has focused on the application of high-sensitivity thermometry using the spin resonances of NV − centers in nano-diamond to sub-cellular biological and biomedical research. Here, we report a comprehensive investigation
of the thermal properties of the center's spin resonances and demonstrate an alternate alloptical NV − thermometry technique that exploits the temperature dependence of the center's optical Debye-Waller factor.
The negatively-charged nitrogen-vacancy (NV − ) center in diamond 1 is an important defect system for a range of quantum technologies. The center has been key to several advances in quantum information processing, including the realization of solid-state spin quantum registers and elements of quantum networks. [2] [3] [4] [5] [6] The center has also attracted significant attention due its potential as a high-sensitivity nanoscale quantum sensor that can operate in ambient and extreme conditions. Indeed, the NV − center has been employed in many impressive demonstrations of nanomagnetometry, 7-10 electrometry, 11, 12 piezometry 13 and thermometry. [14] [15] [16] [17] [18] Furthermore, the center may be incorporated into nano-diamonds, whose chemical inertness and biocompatibility, allow sensing techniques to be performed within living cells. 19 Recently, the center's bio-sensing applications were expanded with the demonstration of sub-cellular temperature gradient mapping and control using NV − nano-diamond and gold nano-particles within a human embryonic fibroblast. 17 This exciting demonstration can be potentially extended to in vivo thermometry and thermoablative therapy. 17 Each of the center's metrology applications either directly employ its electron spin or a nuclear spin that is coupled to its electron spin as a quantum sensor. High sensitivity is principally achieved by the unique combination of the exceptional electromagnetic, mechanical and thermal properties of diamond and the long-lived coherence of the center's electron spin, which persists in ambient and extreme conditions. 14, 20, 21 Nanoscale sensing is enabled by the atomic size of the NV − center, its bright fluorescence that allows single centers to be located with nano-resolution and its mechanism of optical spin-polarization/ readout (OSPR) that allows the magnetic resonances of its electron spin to be optically detected (ODMR). 1 It is evident that a thorough understanding of the effects of temperature on the NV − center's electron spin resonances is required to optimize its implementation in quantum technologies for ambient/ fluctuating environments. 22 It is also clear that specific understanding of these effects in nano-diamond NV − centers (as opposed to bulk diamond) is required for the refined realization of the center's bio-sensing applications. Such specific differences of nano-diamond include variations in thermal properties and generally higher intrinsic strain and abundance of local charge traps.
Despite these requirements, only the temperature shift of the zero-field (no strain) ground state electron spin resonance has been examined in detail. 14, [23] [24] [25] [26] Consequently, the center's excited state spin resonances represent additional quantum resources for the center's exciting applications that are yet to be precisely examined. 27 To rectify this situation, we report comprehensive observations of the effects of temperature on all of the optically detected spin resonances of NV − centers in nano-diamond. Using models derived from first principles, we describe the temperature variations of each of the zero-field and strain interactions that define the electron spin resonances. In doing so, we provide significant insight into the thermal properties of the resonances and the influence of the nano-diamond environment. Additionally, we demonstrate an alternate all-optical NV − thermometry technique that exploits the temperature dependence of the center's optical Debye-Waller factor. Our all-optical technique has a projected temperature noise floor of 0.1 K Hz −1/2 for a nano-diamond containing 500 NV − centers. This noise floor potentially surpasses that of other existing biocompatible nanothermometry techniques, except for the NV − ODMR technique. 17, [28] [29] [30] Indeed, the simplicity and robustness of our all-optical technique may prove advantageous compared to the ODMR technique for particular biological applications where microwave excitation is prohibitive.
The NV − center is a C 3v point defect in diamond consisting of a substitutional nitrogen atom adjacent to a carbon vacancy that has trapped an additional electron (refer to Figure 1a ). Figure   1b depicts the center's electronic structure, including the low-temperature zero phonon line (ZPL) energies of the visible (E V ∼1.946 eV) 31 and infrared (E IR ∼1.19 eV) [32] [33] [34] transitions. The spin resonances of the 3 A 2 and 3 E levels can be each optically detected at room-temperature as a change in the visible fluorescence intensity and described by a spin-Hamiltonian of the form
where S and I are the dimensionless spin-1 operators of the electron and 14 N nuclear spins, respectively, that are defined with respect to the coordinate system depicted in Figure 1a , and the parameters (D, E , A , A ⊥ ) differ between levels and are identified in the following text.
As depicted in the inset of Figure 1b , the ground 3 A 2 level exhibits a zero-field fine structure splitting between the m s = 0 and ±1 spin sub-levels of D g.s. ∼ 2.87 GHz (room-temperature) due mainly to electron spin-spin interaction. 35 Under crystal strain that distorts the C 3v symmetry of the center, the m s = ±1 sub-levels are mixed and their degeneracy is lifted. 36 41 and is consequently important to this work. The collapse of the observed 3 E fine structure above 150 K is thought to be due to phonon mediated orbital averaging, however a precise model of this process is yet to be presented. 42 Consequently, the physical origins of the strain dependent E e.s. parameter have not been previously established. 1 The 3 E hyperfine structure has also not been previously examined theoretically and it has not been observed at low temperatures. 1 In our experiments, we measured the temperature dependence of the ODMR of NV − centers in type Ib HPHT nano-diamond crystals (see Figure 1 ). On average, the nano-diamonds had a diameter of ∼ 30 nm and contained ∼ 15 NV − centers. We performed ODMR measurements on a total of 10 nano-diamonds. Photoluminescence (PL) spectroscopy was also performed on five of these nano-diamonds and the results of these five nano-diamonds were analysed and found to be Our all-optical nano-thermometry technique uses the Debye-Waller factor (DWF) of the NV − visible transition. The DWF is the ratio of the area under the ZPL and the total emission band (see Figure 2 ). The technique was calibrated by measuring the DWF of nano-diamond NV − centers inside an oven operating under stabilized temperature conditions (see Figure 2 ). For T ≪ T D , the temperature dependence of the DWF is well described by the simple Debye model of the phonon continuum [43] [44] [45] 
where T D is the Debye temperature of the host crystal (T D ∼ 2220 K for bulk diamond) and S is a parameter defining the electron-phonon coupling strength. For the nano-diamonds in the oven, the observed value of T D was ∼ 1614(23) K, which is 1.37 times smaller than the value for bulk diamond derived from its thermodynamic properties at low temperatures. Such a mismatch is typical and is well established in other materials. 45 Given the observed value of T D , the temperature of the nano-diamonds subjected to the laser-assisted heating was found to follow a linear function T = T 0 + bP las. of laser power P las. , where T 0 ∼ 294 K is the room-temperature and the proportion-ality constant b was found to be 0.51(3) K/ mW for the crystal whose data is shown in Figure 2c .
The electron-phonon coupling parameter S was determined separately for the nano-diamonds in the oven and those used for the ODMR experiments. 
, where S = 4.57 (7) and T D = 1614(23) K are derived from a least-squares fit to the data points (circles). The dependence of the DWF on the laser power in (c) is described by the substitution T = T 0 + bP las. , where T 0 = 294 K is the room-temperature and a least-squares fit of the data points (circles) yields S = 4.79(6) and b = 0.51(3) K/ mW. In (b) and (c), error bars are smaller than the point size (see supplementary information).
Given the collection of N photons emitted by NV − centers in a nano-diamond, the smallest temperature change that can be detected by the optical DWF thermometry technique is defined by the shot-noise uncertainty in the measurement and the temperature dependence of the DWF
The presence of background fluorescence raises the uncertainty by a factor of √ 1 + 3r, where r is the ratio of the approximately uniform background intensity under the NV − ZPL and the ZPL peak intensity. 46 The value of N is related to the measurement time τ, the optical collection efficiency µ, the single NV − photon emission rate γ and the number of NV − centers n via N = nµγτ. Consequently, the temperature noise floor η T of the DWF thermometry technique is
where C ZPL = nµγDWF is the ZPL emission rate and Φ = DWF(dDWF/dT ) −1 . At room-temperature, Φ exhibited little variation over our nano-diamond sample and had an average value of Φ = 154(10) K. Using the typical optical lifetime of NV − centers in nano-diamond 47 and the details of the optical setup, 48 To test our estimate of the noise floor of the DWF thermometry technique, we characterized the noise in our DWF measurements and performed a series of temperature measurements. This projected sub-Kelvin noise floor of the DWF thermometry technique is comparable to the demonstrated 130 mK Hz −1/2 noise floor of the ODMR technique in nano-diamond 16 and it potentially surpasses the noise floors of other biocompatible nano-thermometry techniques with sensor sizes less than 100 nm. 17, [28] [29] [30] The notable competitor being CdX (X= S, Se or Te) quantum dots, whose noise floors have not been clearly determined, but based upon some demonstrations, could rival both NV − nano-thermometry techniques. 29, 30 The projected noise floor of the ODMR technique for ideal nano-diamonds containing 500 NV − centers is ∼1 mK Hz −1/2 . 17 Whilst this is much lower than the noise floor of the DWF technique, the fabrication of such ideal nano-diamonds, with negligible strain inhomogeneity and sufficient purity to support NV − spin coherence times of ∼ 1 ms, is yet to be achieved. Comparing further with the ODMR technique, the DWF technique is a much simpler and more flexible all-optical technique that does not require microwave control, and thus may be better suited to particular biological applications. Indeed, the DWF technique can be immediately implemented using a commercial spectral-resolving imaging system, such as a Raman microscope. Like the ODMR technique, the DWF technique has the potential to be extended to in vivo applications if a different method of fluorescence spectroscopy was employed, such as two-photon excitation spectroscopy. 49, 50 Spatial resolution may also be further improved by all-optical far-field sub-diffraction imaging techniques. 51, 52 Thus, there is clear motivation for further investigation of the DWF thermometry technique as an alternate/complementary technique to the ODMR technique and other current nano-thermometry techniques.
There has been several studies of the effects of pressure and temperature on the visible ZPL, the infrared ZPL and the zero-field 3 A 2 spin resonance D g.s. of centers in bulk diamond. 14, [23] [24] [25] [26] 53 Acosta et al have also studied the temperature dependence of the 3 A 2 strain splitting E g.s. in bulk diamond NV − ensembles, but since it was much smaller than D g.s. , did not observe a variation above experimental uncertainty over the range 5-400 K. 23, 24 The pressure and temperature dependence of interactions. 26 Since thermal expansion and hydrostatic pressure are intimately related, the contribution of thermal expansion to the temperature shifts may be alternatively expressed in terms of the hydrostatic pressure shifts and the pressure of thermal expansion in diamond. 53 
where Γ g.s. = 14.58 (6) A model of the collapse of the 3 E fine structure above 150 K and the temperature dependence of E e.s. (T ) can be derived from the low temperature 3 E fine structure in the condition where spinconserving electron-phonon transitions within the 3 E level occur much faster than the frequencies of the 3 E fine structure interactions and the optical decay rate (see supplementary information).
Observations of the temperature dependence of the 3 E ODMR intensity 38 and the visible ZPL width 56 imply that this condition is satisfied at temperatures > 150 K. Recognising that the 3 E fine structure can be described by the interaction of orbital and spin sub-systems, this condition implies that thermal equilibrium of the 3 E orbital states is achieved within the lifetime of the 3 E level and that no coherences exist between the orbital and spin sub-systems. 57 Hence, the orbital and spin sub-systems may be decoupled, which leads to the expression
where D ⊥ e.s. ∼ 0.775 GHz is the low temperature transverse electron spin-spin interaction of the 3 E level 38 and R(T ) = (e hξ ⊥ /k B T − 1)/(e hξ ⊥ /k B T + 1) is a strain-temperature reduction factor derived from the Boltzmann distribution of the orbital sub-system and ξ ⊥ is the strain splitting of the 3 E fine structure. The above expression clearly demonstrates that the physical origins of E e.s. is a product of transverse spin-spin interactions D ⊥ e.s. and a factor R that explicitly depends on the ratio of the 3 E strain interaction and temperature. In addition to the explicit factor R, E e.s. is intrinsically dependent on strain and temperature via their effect on the spin-spin interaction D ⊥ e.s. . This intrinsic dependence will be analogous to the previously described strain and temperature variations of the other parameters D g.s. , D e.s. and E g.s. .
The observed temperature variation of the ground state 3 A 2 spin parameter D g.s. is depicted in (T ) since it suggests that there will be little variation between nano-thermometers. 26 Furthermore, as temperature in our nano-diamond ∆D g.s. (T ) measurements was calibrated using the optical DWF thermometry technique, the similarity of our observations to those in bulk diamond further validate the optical DWF technique. The approximate temperature independence of E g.s. in nano-diamond is, however, an important observation for ODMR thermometry techniques that utilize a single ground state spin resonance (with frequency D g.s. ± E g.s. in the absence of a magnetic field), since the temperature variation of the spin resonance is restricted to just that of D g.s. .
At each temperature, the observed 3 E ODMR spectra exhibited just two lines with no hyperfine structure (see Figure 5a ). This is due to the strain at this particular center being sufficiently large that the hyperfine resonances overlap (as depicted in Figure 1 As seen in Figure 5c , a good fit of the observed temperature variation of ε e.s. (T ) is obtained using the expression (??). The only free parameter in the fit is the strain energy hξ ⊥ = 4.7(3) meV.
This parameter is also the splitting of the visible ZPL, which was measured independently via room-temperature optical spectroscopy to be ∼ 4.3(2) meV. This small, one standard of deviation discrepancy between the independent measures, supports our model of the temperature dependence of the 3 E fine structure. The implication of the fit is that the temperature variation of E e.s. is primarily described by the strain-temperature reduction factor R(T ), rather than the intrinsic temperature Further theoretical and experimental details. This material is available free of charge via the Internet at http://pubs.acs.org/.
